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METHOD AND APPARATUS FOR LINEARIZING

A MIRROR GALVANOMETER
This application is a continuation-in-part of pending

U.S. Ser. No. 249,922, filed May 3, 1972 and now aban-

doned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to an optical
scanning apparatus and method and more particularly
to an apparatus and method for linearizing the response
of a mirror galvanometer to a reference signal.

2. Description of the Prior Art

Mirror galvanometers utilize a small mirror carried
by a coil in a magnetic field. The mirror deflects a light
beam incident thereon in a scan related to the amount of
current flowing through the coil. The angle to which
the light beam is deflected changes in response to small
changes in the electrical current.

It 1s frequently desirable that the rate of scan of a
galvanometer be linearly related to a small reference or
driving current or voltage. Such a situation would be
one where an instantaneously accurately positioned
scanning light beam is sought for purposes of reading or
writing.

In an i1deal mirror galvanometer the current through
the coil should cause mirror deflection in an amount
linearly related to the magnitude of the coil current.
However, because of such factors as non-uniform mag-
netic fields, variable galvanometer damping coeffici-
ents, such as those due to temperature effects caused by
variable energy dissipation rates, self resonances within
galvanometer systems, and the like, galvanometer mir-

rors do not deflect in a manner linearly related to the
coil current.

SUMMARY OF THE INVENTION

In accordance with the present invention, there is
provided a feedback system for linearizing the response
of a scanning device such as a mirror galvanometer. A
light beam is directed onto the mirror as it moves in
response to a reference driving signal applied to the coil
of the galvanometer to scan the beam. The scanning
beam is received and modulated in accordance with the
velocity of the beam. A useful method of so modulating
the beam is to cause it to scan an optical transmission
grating. A photoresponsive device is disposed to re-
ceive the modulated beam and produces an electrical
feedback signal having a frequency characteristic re-
lated to the modulation of the light received. An electri-
cal circuit 1s provided for adjusting the signal driving
the mirror in response to the feedback signal to effect
the scan at a predetermined rate.

The electrical circuitry for producing an adjusted
driving signal first produces a difference signal in accor-
dance with the frequency characteristic of the output
signal. The difference signal has a magnitude related to
the difference between the actual velocity of the light
scan and the velocity that would exist if the response of
the movable member was truly linear in relation to the
reference driving signal. The difference signal is com-
bined with the reference driving signal and the com-
bined driving signal is applied to the coil of the galva-
nometer to effect movement of the mirror in 8 manner
SO as to produce a linear relation between the deflection

position of the mirror and the amplitude of the refer-

ence driving signal.
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Thus, one object of this invention is to provide an
improved apparatus and method for scanning a light
beam at a predetermined rate.

Another object of this invention is to cause the re-
sponse of a movable optical member, such as a mirror
galvanometer, to vary in a manner linearly related to

- the amplitude of a reference driving signal.

Another object of this invention is to linearize the
response of a conventinal mirror galvanometer without
modification to the galvanometer itself.

Another object of the invention is to provide a simple
and economical apparatus for linearizing the response
of a mirror galvanometer.

Another object of this invention is to linearize the
motion of a galvanometer without sensitivity to inten-
sity variations of the light beam that is used to sense the
motion of the galvanometer or to variations in ambient
conditions such as temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects and advantages of the instant inven-
tion will become more apparent in the detailed descrip-
tion of the invention with reference to the accompany-
ing drawings in which like numbers denote like parts
and wherein:

FIG. 1 1s a diagrammatic illustration, partly in block
form, illustrating schematically a mirror galvanometer
and apparatus in accordance with the present invention
for linearizing the response of the galvanometer relative
to a reference driving signal; |

FI1G. 2(a) illustrates a representative time varying
reference driving signal;

FIG. 2(b) illustrates graphically an ideal angular de-
flection of the galvanometer in response to a linear
reference driving signal such as the signal shown in
F1G. 2(a); and

FI1G. 2(c) illustrates an actual angular deflection of a
conventional galvanometer without the linearizing ap-
paratus of the subject invention when the galvanometer
is driven by the signal shown in FIG. 2(q); and

FIGS. 3 and 4 are diagrammatic illustrations of por-

tions of alternate circuits usable in the apparatus shown
in FIG. 1.

DESCRIPTION OF THE PREFERRED
| EMBODIMENT

Because mirror galvanometers are well known, the
present description will be directed in particular to
elements forming part of, or cooperating directly with a
typical mirror galvanometer in accordance with the
present invention. It will be appreciated that elements
not specifically shown or described may take various
forms well known to those skilled in the art.

The terms “light” and “mirror” are used herein for
simplicity of description, it will be understood that
these terms apply to any deflectable radiation and any
radiation deflector, respectively.

Referring to FIG. 1 of the drawings, there is shown
apparatus, denoted generally 10, adapted for linearizing
the response of a galvanometer 12 having a mirror 13
rotatably supported on a shaft 14. Also shown in con-
junction with galvanometer 12 is a coil 15 which con-
trols the deflection of mirror 13 in a manner related to
the amplitude of a reference driving signal applied
thereto. Such a signal is illustrated in FIG. 2(q). It
should be noted that some time must be given for a
galvanometer to return to its starting position after
completion of a scan, which time is not shown on any of
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FIGS. 2(a), 2(b) and 2(c), such figures being illustrative
of only the driving portion of the galvanometer’s oper-
ating cycle.

Shown in block form in FIG. 1 is a light source 16 for
producing a collimated beam of light 17. The light pro-
duced by light source 16 is collimated into a relatively
narrow beam by known optical elements, which may be
included in the source. Source 16 can be a laser, projec-
tor bulb and lens, or other such well known light
sources. Positioned along the optical axis of light beam
17 1s lens 18 which focuses the light from beam 17 at the
focal surface of a stationary spherical mirror 19,

Lens 18 is positioned to direct light beam 17 first onto
mirror 13 of galvanometer 12, Mirror 13 is rotatably
supported on shaft 14 so that as mirror 13 moves from
position P, to P,, beam 17 is scanned across the face of
mirror 19 1n a path from position P’ to position P, in a
manner related to the reference or driving signal ap-
plied to coil 15.

Spherical mirror 19 is positioned to collimate and

deflect the scanning beam 17 incident thereon through a
lens 20 having an optical axis 21. A transmission grating
22 1s disposed upon and preferably centered on axis 21
and positioned substantially in the focal plane of lens 20.
In its preferred embodiment, grating 22 comprises a
transparent material such as glass having a large number
of substantially equally spaced grid lines or rulings only
a few of which are symbolically shown in FIG. 1 as
apertures 23, Grating 22 modulates the light beam 17 for
a purpose explained below.
- Also centered on axis 21 is a collector lens 24 which
focuses the modulated light onto a photoresponsive
member 28, such as a photocell, for producing an elec-
- trical signal. The rulings 23 are preferably substantially
perpendicular to the direction of scan of the beam 17
but can be at any angle greater than 0° sufficient to
effect a periodic modulation of the beam. A smaller
angle will be effective with fine, closely spaced rulings.
The frequency 1s related directly to the effective spac-
ing between adjacent grid lines or rulings 23 on grating
22 and the scan rate or velocity of beam 17 (the effec-
tive spacing being approximately equal to the sine of the
angle between the direction of scan and the direction of
the rulings). If light beam 17 is scanned across the rul-
ings 23 of grating 22 at a constant rate in one or the
other direction, then the frequency content of the elec-
trical output signal produced by photocell 28 will con-
sist of only a fundamental or carrier frequency. If, how-
ever, the scan rate of beam 17 deviates from a constant
rate, the frequency content of the photocell output
signal will vary in accordance with the deviation from
the fundamental frequency.

Electrically coupled to the output of photocell 28 is
an electrical system, denoted generally 30, for process-
ing the output signal of the photocell to produce a sig-
nal for linearizing the deflection angle of mirror galva-
nometer 12 relative to the amplitude of a time variant
reference driving signal, such as that illustrated in FIG.
2(a). The embodiment of system 30 illustrated in FIG. 1
comprises a conventional frequency discriminator 32
electrically connected to the output of photocell 28.
- Discriminator 32 produces a signal having a magnitude
proportional to the frequency content of its input signal.
The output of discriminator 32 is connected to an ampli-
fier 34, which amplifies the signal to a level that is com-
patable with the other electrical elements in the system.
‘The output of amplifier 34 is connected to one of two
inputs 35 of a differential processor 36 which may be,
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for example, a differential integrator. Connected to the
second of inputs 3§ of processor 36 is a signal source 38
which produces a second reference signal explained
below, that is compared by the differential processor to
the output signal produced by amplifier 34.

The output of the discriminator 32 is a voltage that is
proportional to the frequency of the voltage produced
by photocell 28. The voltage is therefore proportional
to the velocity of the scanner beam. The differential
processor 36 can be a conventional integrator; with two
inputs, and its output will be the integral of the
welghted sum of the two inputs. By making the fixed
reference voltage or reference signal from source 38 a
negative voltage or signal, the output of the differential
integrator 36, will be the integral of the difference be-
tween the velocity signal, i.e., the output of discrimina-
tor 32, and the second reference signal from source 38.
When the signal from source 38 is of proper amplitude
as described below, this voltage is proportional to the
relative positional error of the scanned beam.

The outout of differential processor 36 is connected
to a phase compensator circuit 39 which shifts the phase
of the input signal applied thereto to compensate for
any phase shifts that occur in the galvanometer drive
signals due to resonant conditions therein. The output
of phase compensator circuit 39 can be combined by
conventional techniques with the output of signal
source 40 and applied to the input of a conventional
power amplifier 42, An example of a constant rate scan
signal from driving signal source 40 is shown in FIG.
2(a). Amplifier 42 produces an output current in accor-
dance with the input signals applied thereto, and this
current 1s applied to the galvanometer coil 15 to deflect
mirror 13 in accordance therewith.

The second reference voltage, produced by voltage
source 38, has an amplitude equal to the voltage value
that would be produced at the output of amplifier 34 if
the scan rate of beam 17 were at the desired rate. In
instances where the first reference signal or driving
signal from source 40 is linear the desired beam scan
rate 1s constant, so the second reference signal produced
by source 38 has a constant amplitude. If, however, the
first reference signal 1s non-linear, for example paraboli-
cally shaped, the beam scan rate is not constant and so,
correspondingly, the frequency content of the photocell
output signal would likewise be variable and thereby
produce a discriminator output signal having a time
varying amplitude. Consequently, for a first reference
or driving signal of this type, the signal produced by
source 38 has a variable amplitude related to the ex-
pected discriminator output signal. The amplitude of
the second reference signal in either case would be
related directly to the slope of the first reference signal.

If the photocell output signal has a frequency compo-
nent equal to a known or predetermined value and that
value 1s also equal to the second reference signal source
38, the galvanometer mirror is being deflected in the
desired manner as determined by the output signal dif-
ferential processor 36 being substantially zero.

Another signal processing technique is shown in FIG.
3. Here the output of discriminator 32 is applied to the
input of a differential amplifier §0. The reference signal
38 1s applied to a second input of amplifier 50. The
output of amplifier S0 is now a voltage proportional to
the velocity error of the scanned beam. This signal 1s
combined with the reference signal 40 by conventional
techniques and applied directly to the input of amplifier
42 to provide improved response to the reference driv-
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ing signal. This velocity error signal is also integrated
by means of integrator §1 to provide a positional error
signal which is also combined with the reference signal
40 by standard techniques and applied to the input of
amplifier 42 to provide further improved linearity of the
galvanometer.

FIG. 4 illustrates the most simple form of this cir-
cuitry with the elimination of the integrator 51. This
circuit gives a useful improvement in linearity but is
somewhat less effective than the circuit of FIG. 3.

Amplifiers 50 and 51 should have standard reset cir-
cuits, not shown, to hold their outputs at zero during
the retrace interval of the scan. |

It 1s to be understood that in accordance with the
invention, other electronic processing apparatus di-
rected to the analysis of frequency modulated signals
and the comparison of the results of this analysis to a
known, predetermined or reference value can be used.
One such alternative embodiment would be comprised
of a bank of narrow band filters, each of such filters
having a bandpass so that the resultant bandpass of the
composite filter bank is continuous over a predeter-
mined range. In this manner, the photocell output signal

~could be applied to the filter bank and that filter having

the maximum signal output would determine the pri-
mary frequency content of the photocell signal, which,
in turn, can be related as disclosed herein, to the deflec-
tion characteristics of the galvanometer.

Although described in connection with linearizing
the response of a mirror galvanometer relative to the
amplitude of a reference signal, the invention is also
applicable to linearizing other types of optical scanning
systems such as a rotating polygon of the line scanner
type, a rotating lens, a line scan Cathode Ray Tube

display and the like. Furthermore, the invention is not

limited to linearizing responses of the above-mentioned
scanning systems to a linear reference signal such as is
shown in FIG. 2(q), but is applicable to linearizing such
systems to a class of reference signals that can be de-
scribed with continuous single valued functions
wherein such functions have time varying characteris-
tics consistent with the system dynamics of conven-
tional movable optical members. Movement of mem-
bers corresponding to such functions are effected at a
predetermined rate in accordance with the invention.

I have found by applying a correction signal that is
derived from the frequency content of the photocell
signal, as disclosed herein, that an improvement in the
linearity of the response of a convention mirror galva-
nometer to a reference signal of approximately 10 to 20
times that of an uncorrected galvanometer of an identi-
cal type is achieved. Such an improvement is illustrated
symbolically in the curves of FIGS. 2(b) and 2(¢). By
applying such a correction signal in accordance with
the invention to the cojl of a conventional galvanome-
ter, the deflection path of the regulated or controlled
galvanometer can be made to substantially to follow the
ideal curve illustrated in FIG. 2(5). |

The invention has been described in detail with par-
ticular reference to a preferred embodiment thereof, but
it will be understood that variations and modifications
can be effected within the spirit and scope of the inven-
tion.

I claim: . .

1. In combination with scanning apparatus of the type
having a radiation deflecting member mounted for
movement to scan a beam of radiation along a path,
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means for providing an electrical primary drive signal,
and means associated with said deflecting member and
responsive to said primary drive signal for moving said
deflecting member in a manner effecting scan of such
radiation along said path at a generally-predetermined,
actual rate, a device for effecting a more precise rate of
radiation scan comprising:

means, positioned along said path, for modulating

such radiation to provide a radiation signal of fre-
quency proportional to the actual rate of radiation
scan along said path;
means for converting said radiation signal to a first
electrical signal having a parameter that is propor-
tional to the frequency of said radiation signal;

means for providing an electrical reference signal
having a parameter which is comparable with said
parameter of said first signal and which is represen-
tative of the precise rate of scan desired;

means for comparing said reference signal and said

first signal and providing a correction signal pro-
portional to the deviation of the actual scanning
movement of said deflecting member from the de-
sired scanning movement of said deflecting mem-
ber; and

means for combining said correction signal with said

‘main primary drive signal to adjust the actual scan-
ning movement of said deflecting member.

2. The invention defined in claim 1 wherein said mod-
ulating means is an optical grating located to intercept a
portion of said radiation beam during its scanning
movement.

3. In combination with a galvanometer of the type
having a movable mirror and means for moving said
mirror to effect scanning of a received light beam in

‘response to an electrical signal, improved apparatus for

controlling said moving means comprising:
grating means, having a plurality of spaced markings
and being disposed coextensive with at least a por-
tion of the scanning path of such light beam, for
modulating the light in such a beam in accordance
with said spacings between said markings and the
rate of movement of said mirror to produce a light
signal of frequency proportional to the rate of scan;
light responsive means, disposed to receive said mod-
ulated light, for producing an electrical rate of scan
signal having a frequency proportional to the fre-
quency of said light signal;
means, operatively connected to said light responsive
means, for producing a second electrical signal
having a magnitude proportional to the frequency
of said rate of scan signal; and
means, operatively connected to said moving means
and responsive to said second electrical signal, for
producing a third electrical signal for controlling
the movement of said mirror,
wherein said third electrical signal producing means
comprises: |
means for generating a main reference signal;
means for generating a supplemental reference signal;
means, operably connected to said second signal pro-
ducing means and said supplemental reference sig-
nal generating means, for comparing those signals
and producing a correction signal; and
means for combining said correction signal and said

main reference signal to produce said third signal.
* %X ¥ % =%
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